Summary: An autoradiographic method for the measure ment of the rate of valine incorporation into brain pro teins is described. The transfer coefficients for valine into and out of the brain and the rate of valine incorporation into normal rat brain proteins are given. The valine incor poration and the transfer constants of valine between dif ferent biological compartments are provided for 14 gray matter and 2 white matter structures of an adult rat brain.
The measurement of brain functional biochem istry has been given new impetus by the develop ment of a wide range of autoradiographic methods for assessing the physiological variables under normal conditions (Sokoloff et aI., 1977; Sakurada et aI., 1978; Mies et aI., 1981; Forlow et aI., 1983; Ginsberg et aI., 1986; Lear et aI., 1982; Mies et aI., 1986 ) and pathological conditions (Sako et aI., 1984b, and 1985; Kato et aI., 1985; Hossmann et aI., 1985) .
The first model to measure the in vivo rate of protein synthesis was proposed by Dunlop et ai. (1975) , but their experimental protocol was not really convenient because of the need to "flood" the amino acid pool. Dunlop et aI.'s method (1975) was adopted by Dwyer et al. (1982) using L-[1_14C] valine, but again extensive manipUlation with tissue made the method unattractive. Two dif-
The rate of valine incorporation varies between 0.52 ± 0.19 nmoVg/min in white matter and 1.94 ± 0.47 in infe rior colliculus (gray matter). Generally, the rate of valine incorporation is about three to four times higher in the gray matter than in the white matter structures. Key Words: Valine transfer coefficients-Valine incorpora tion rate-Protein synthesis-Rat brain protein syn thesis.
ferent kinetic models for measuring the rate of pro tein synthesis have been proposed (Smith et aI., 1980 (Smith et aI., , 1984 Bustany et aI., 1983a Bustany et aI., , 1983b . These models are based on two different essential amino acids, S-methyl-Iabeled methionine (Bustani et aI., 1983a (Bustani et aI., , 1983b and l-C-Iabeled leucine (Smith et aI., 1980 (Smith et aI., , 1984 . They are based on the tracer kinetics used to describe the specific metabolic behavior of a particular amino acid (AA) after an impulse of the tracer is given to a biological system. The valine, like leucine, labeled in the carboxylic carbon has an advantage over those AAs with the label in some other position, because there are only two meta bolic products. One metabolic product is labeled proteins and the other is [14C]C02. The latter is promptly removed from the brain tissue, permitting quantification.
In this article, we describe and characterize dif ferent parameters of the kinetic model for incorpo ration of L-valine in normal rat brain. The transfer coefficients were calculated in whole brain and in 14 gray and 2 white matter structures by a non linear, least-squares fitting routine. The rate of va line incorporation into different structures was cal culated in normal adult rat brain.
MATERIALS AND METHODS

Tracer
The tracer L-[1-'4C]valine (specific activity, 40-60 mCilmmol) and 14C polymer standards calibrated to an equivalent tissue thickness were obtained from Amer sham Corp (Arlington Heights, IL, U.S.A.). Eighteen normal Wistar female rats (150-220 g body weight) di vided into six groups were used in this work.
Animals
The animals were fasted except for water given ad li bitus 14-16 h before the experiment. On the day of the experiment, the animals were anesthetized with 1.5-2.0% halothane during cannulation of the femoral ar tery and vein. The rats were allowed to wake up from anesthesia for 2-3 h before being used in the present work. The lower half of their bodies was immobilized with a loose-fitting plaster cast. The animals were taped to a lead block. Body temperature was maintained around 36°C with the aid of heating lamps. Arterial blood pressure, Po2, Pco2, and pH were monitored during the recovery period, as well as just before and during experi ments.
Each rat was injected i.v. with 30 fLCi of L-[l-14C]va line. The animals were killed by decapitation at 5, 10, 15, 20, 25, and 30 min after the start of the tracer injection. Three animals were used in each group. The tracer was given as a I-min constant infusion (prolonged bolus) by infusion pump (model 355; Sage Instruments, Boston, MA, U.S.A.) except for animals killed at 5 min, in which 5-min constant infusions were used. Arterial blood samples were drawn at progressively prolonged time pe riods distributed in such a way that 15-20 blood samples were taken during the experiment. The samples were spun for 1 min at 12,000 g, and 20 fLl of plasma was pi petted into a vial containing 20 fLl of 10% (w/v) trichloro acetic acid (TCA). After standing for 5 min, the samples were spun again, and 20 fLl of the supernatant was taken for analysis of L-valine in the plasma.
After decapitation of the rat, the brain was removed as soon as possible, usually within I min. One half of the brain was homogenized at 30,000 r/min with sonification, and weighed amounts were used for scintillation counting to measure whole brain tissue 14C radioactivity. The brain tissue was dissolved by using 1 ml of protosol. Both the deproteinized plasma samples and the homogenized brain tissue 14C radioactivity were measured with a 1219 BETA spectral liquid scintillation counter (LKB Wallac, Tu rku, Finland).
The other half of the brain was used for quantitative autoradiography to obtain regional brain tissue 14C radio activity. The brain was cut into 30-fLm slices as described earlier by Sako et al. (I 984a) . The brain slices were ex posed for 4 weeks using Kodak SB 5 film (Eastman Kodak, Rochester, NY, U.S.A.). The optical density was measured in several brain structures using a manual den sitometer (Sargent-Welch Densichron 111). The tissue concentration (nCi/g) was calculated using a calibration curve constructed with the aid of the 14C polymer stan dards calibrated for 20-fLm tissue equivalents. In an inde pendent measurement, 14C polymer standards were re calibrated to 30-fLm-thick brain slices by mixing 14C tracer with brain homogenate, cutting frozen mixtures into 20-and 30-fLm slices, and exposing films to both of them. Radioactivity in those slices was determined by liquid scintillation after samples were dissolved in pro tosol. Estimates of tissue-free 14C-Iabeled valine were ob tained by two different methods. The first method re quired homogenization of the brain tissue with 10% TCA (3-4 vol). After homogenation and centrifugation, radio activity in the supernatant and residue was measured by liquid scintillation. In the second method, the brain slices were washed with 10% TCA (ice cold) to remove tissue free valine (Dunlop et aI., 1975; Dwyer et aI., 1982) . The film was then exposed to the washed slices.
Plasma valine determination
Two or three 50-fLl plasma samples were taken at dif ferent times during an experiment. Plasma samples were deproteinized with 30 fLl of 10% TCA. After centrifuga tion at 12,000 g for 2 min, a 50-fLl sample was pipetted into a clean vial and immediately frozen until used for AA determination. The plasma samples were derivatized by the Pico-Ta g method of Bidlingmeyer et al. (1987) . After derivitization, the liquid was evaporated to dryness, and the samples were stored in a refrigerator at -30°C. On the same day that the high-performance liquid chroma tography (HPLC) was done, the samples were dissolved in 100 fLl of buffer A (0.14 M sodium acetate containing 0.5 ml/L of triethyl amine titrated to pH 6.4 with glacial acetic acid). All analyses were done in duplicate or tripli cate by injecting 10 or 20 samples. The average detector response was used in the calculation of the plasma valine concentration.
To ensure that the proper peak was assigned to valine, the eluent of a tentatively assigned valine peak on the bases of the UV trace was collected, and the radioac tivity was measured by liquid scintillation counting. It was noted that after repeated injections, the retention of valine changed and only coelution of the radioactivity with the valine peak assigned from the UV trace was taken as a confirmation of proper assignment. We have not observed any other radioactive species to be eluted during the 28 min after injection. To convert the detector response into concentration, the detector response for the plasma samples was compared with the response ob tained for the AA standard mixture (Pierce Amino Acid, Standard H, cat. no. 20088) derivatized by the same pro cedure. The completeness of valine recovery from a sample was assessed by comparing the amounts of radio activity in the HPLC samples and the amount found in deproteinized plasma samples before derivatization. Typ ical recovery was between 80% and 90%. At the end, samples were corrected for recovery. A minimum of two (very often three) plasma samples were taken for the plasma valine determination. The valine concentration in the plasma samples taken before L-[1-14C] valine injection was not significantly different from the concentration in samples taken at 5-10 min after the end of the tracer in jection.
Biological model
The biological model ( Fig. 1 ) used in this work is es sentially that proposed by Smith et al. (1984) for L-Ieu cine, which is equivalent to the deoxyglucose model of Sokoloff et al. (1977) . The use of this model can be justi fied by the similarity of the metabolic pathways for these two essential AA (Harper et aI., 1979) . The model is based on several assumptions (Smith et al., 1984) , namely, that (a) the tracer kinetics are applicable; (b) the brain is in a steady state for protein and amino acid me- mptly removed from the cell (decarboxylation is the rate limiting step for the removal of the label through this pro cess). Since [14C] CO2 is promptly removed from the brain t�is process does not contribute significantly to the total tissue radioactivity.
tabolism; (c) there is a negligible amount of label released from the protein into the precursor pool during the ex periment; (d) the arterial plasma input function is the real input function for the biological model; and (e) there is one "homogeneous" tissue compartment, that is, one in which the valine concentration remains constant throughout the experiment (Finkelstein and Carson 1985; Wagner, 1975) . The tissue compartment in our case ' which consists of three subunits (plasma, precursor, and metabolic; Fig. I ), could be a structure or the total brain (the brain homogenate) (Finkelstein and Carson, 1985; Wagner, 1975) . Since it could also be taken that the brain valine conc � ntration is constant during the experiment, the total bram can also be used as a unit under consider ation containing three compartments (see Fig. 1 ) (Finkel stein and Carson, 1985; Wagner, 1975 
The solutions to Eqs. 2 and 3 are
(3)
Substitution of Eqs. 4 and 5 into Eq. 1 gives the total tissue concentration measured at time T after injection of carboxyl-labeled L-valine:
�his equation represents the tissue radioactivity, Ci(T), at tIme T as a function of the transfer coefficients and the plasma radioactivity, In the derivation, we assumed that there is only one precursor pool for the brain protein syn thesis with specific activity approximating that in plasma (Khairallah and Mortimore, 1 976). The tracer concentra tion in the arterial plasma is taken as representative of the capillary concentration of the tracer. We assumed a linear biological model (Wagner, 1975) for incorporation of va line into protein, and we also assumed that the rate con stants describing the model are true first-order rate con stants, The latter assumption has been generally accept able in the tracer kinetics (e.g., Sokoloff et aI., 1977) .
When the brain homogenate is used, the homogenate (mixture of gray and white matter) is the tissue compart ment under consideration (Finkelstein and Carson 1985' Wagner, 1975) . If one writes separate differenti�l Eqs :
1-3 for the gray and white matter, adds them in an ap propriate ratio (the ratio between gray and white matter), and solves them, the total tissue equation, equivalent to Eq. 6, obtained represents the total tissue tracer concen tration present in the homogenate at time T with corre sponding rate (transfer) coefficients for that homogenate.
,!,�e label is not entirely incorporated into protein, re qumng a correction for the free label in the plasma and precursor pool. A correction should also be made in the lag time for equilibration between the supply pool (plasma) and metabolic pool. To estimate these correc tions, we must know the transfer coefficients for the transfer of AA from plasma to brain through the blood brain barrier (Kj) and back (k!), for decarboxylation (metabolic degradation of amino acid) of l-14C-Iabeled amino acid (kj) (in the calculation, k! + kj is used), and for incorporation of labeled AA into protein (kt (Fig. 1) . Equation 6 reveals that k! and kj can be grouped. Since they always appear together, it is not possible to estimate them independently in the experimental protocol applied m the work described here. This reduces the number of variables (transfer coefficients) to be estimated in non linear least-squares minimization to three: Kj, k! + kj, and k:\. The tissue radioactivity also has a contribution from the vascular compartment. A fractional vascular compartment (CBV) contribution was introduced as a fourth variable. The introduction of the vascular com partment as an additional variable transforms Eq. 6 as follows:
where Ai(T) represents total measured tissue radioac tivity per unit weight. This comprises both brain (first part) and blood radioactivity (second part). From Eqs. 4 and 5 and the principles outlined by Soko loff et al. (1977) for the kinetic model, the operational equation for estimation of the regional rate of valine in corporation (Vip) into brain proteins can be derived (equivalent to the derivation for deoxyglucose, e.g., So koloff et aI., 1977):
where Cf(T) is the total tissue radioactivity measured by quantitative autoradiography or liquid scintillation in brain homogenate at the kill time (!LCi/g, brain) and Cp is the valine concentration in the plasma measured by the HPLC (!Lmol/g, plasma).
With the aid of a microcomputer, we fitted the tissue radioactivity data measured at different times (T) after injection to the tissue radioactivity curve predicted by the model. The plasma radioactivity was used as an input function. Fitting was done by a constrained minimization with a SIMPLEX algorithm (Neider and Mead, 1965) . All the integrals were calculated using a numerical approxi mation with the plasma input function, C�(t) being inter polated between measured points using the Stineman spline (Stineman, 1980) , a variation of the cubic spline method (Forsythe et aI., 1977) .
RESULTS AND DISCUSSION
The average values of the physiological param eters for animals used in this study are given in Ta ble 1. It can be seen from the data presented that all physiological parameters were in the normal range. Representative autoradiograms obtained in animals at 30 min after injection of the tracer are shown in Fig. 2 .
The time course of the brain tissue radioactivity (Eqs. 6 and 6A) was fitted by a nonlinear, least squares method. The plasma radioactivity was used as an input function to obtain values of Kj, k� + k�, and k� (Table 2 ). Since we have five groups (dif ferent kill times) of three animals each, there are 35 different tissue curves possible between these ex perimental points. All possible combinations were evaluated, and rate constants were estimated. The mean values and associated standard errors of the mean calculated from all solutions (35 solutions) are given in Ta ble 2. To avoid nonphysiological solu tions of the system, mainly the negative values of the rate constants, a constrained minimization was used (Neider and Mead, 1965) . The only constraint applied was that the rate constants have positive value. The following parameters were calculated by the minimization routine: the rate constants repre senting valine transport through the blood-brain barrier into brain (precursor pool) (Kj); those from the brain (precursor pool) back into plasma (k�); de carboxylation of 1-'4C valine by AA decarboxylase and the loss of the label from the tissue (k�) (in the least-square fitting, k� + k� was combined as one variable); and the incorporation of 1-'4C valine into protein (k�) using Eq. 6. In addition to those vari ables, CBV was calculated when Eq. 6A was used.
Calculated CBV was always between 3% and 4%, justifying the introduction of the CBV as a con stant. The data given in Table 2 were calculated by assuming the blood volume of 3% as a constant during the minimization procedure. The rate con-stants are given in Table 2 for 14 gray and 2 white matter structures and for the brain homogenate. An average gray matter value calculated as the mean of 14 gray matter structures is also given. The calcula tion of the rate constants using Eq. 6 always showed higher Kj and (k� + k!) when compared with the solutions obtained by Eq. 6A. An explana tion for this trend can be given by a larger contribu tion of the blood-borne radioactivity to the early data points, which define for the most part the val ues of Kj and k�. Since in our minimization equa tion k� + k! was fitted as one variable, this increase in k� was reflected in the value of (k� + k!).
The value for Kj was higher in the gray matter structures than in the two white matter structures analyzed in this work, while k4 was not significantly different in the white and the gray matter struc tures. However, note that k4 was measured in only two white matter structures making any compar ison of very limited value. Our data indicate that (k� + k!) was higher in the white matter than in the gray matter structures. However, within each class of structure, there was relatively little variation. The rate of valine incorporation into protein, often referred to as the rate of protein synthesis (the rate of an AA incorporation into proteins can be con verted into an absolute rate of protein synthesis if one knows the absolute amounts of that amino acid in the brain proteins), in different brain structures, we have calculated the mean values for rate con stants in the gray and white matter structures (Ta ble 2).
We have also measured rate constants in the brain tissue homogenate; these values are also given in Table 2 . The values for Kj, k� + k!, and k4 obtained for homogenate and the average values for the gray matter structures are also given in Table 2 . It should be noted that the rate coefficients for ho mogenate actually represent an average of these co efficients for the gray and white matter. This average is weighted toward the coefficients of gray matter because the rate of valine incorporation into the gray matter is about two to three times greater than that in the white matter, and the rat brain has about 80% of the gray matter. It should also be noted that the values for Kj and (k� + k!) obtained for the homogenate are somewhat higher than the average values for the gray matter (Table 2 ). An ex planation for this trend could be found in a larger contribution of the blood radioactivity to measure ments using the brain homogenate because when a block of frozen tissue is cut for homogenization, it is possible that it contains more blood than a cross section of the brain tissue 30-f-Lm thick. However, Tissue homogenate 5.0 ± 0. 5 16.5 ± 3. 4 3. 6 ± 0. 9 0.249 ± 0.035 3. 4 ± 1.1 (half of the brain) " The individual rate (transfer) constants (coefficients) are given as the mean ± standard error of the mean (SEM) for 18 animals with three rats at six different times. In the calculation of the mean and SEM, 35 data points were used.
b Since these were calculated by using the mean values of the rate constants, the SO (or SEM) was not calculated for individual structures . the operational equation for the rate of protein syn thesis, similar to that for the glucose utilization (Sokoloff et al., 1977; Brooks, 1982; Evans et al., 1986) , is not greatly sensitive to some variations in the rate constant.
From the model (Fig. 1) and Eq. 2, it can be seen that (k� + kj + k!) is equal to the fractional turn over rate of the L-[J-14C]valine precursor pool and can be used to calculate the half-life of this pool ( Table 2 ). The half-life is higher in the gray matter than in the white matter when the average rate con stants are used; the half-lives are almost the same when white matter is compared with the tissue ho mogenate ( Table 2 ). The average half-life of the pre cursor pool is around 4 min (4.7 min is the average of gray matter structures and 3.4 min is the average from tissue homogenate). We therefore expect that a time interval between 30 and 45 min after an i. v. injection of L-[J-I4C]valine should be sufficient to minimize the contribution of free L-[I -14C]valine to the autoradiographic estimates of total tissue 14C radioactivity. This time should also be long enough to reduce the influence of the exponential factors containing rate constants on the estimates of the rate of protein synthesis (Sokoloff et al., 1977; Smith et al., 1980 Smith et al., , 1984 .
The half-life of the precursor pool (Table 2) is very similar to that reported for leucine (Smith et al., 1984) . However, the absolute values of the rate constants measured in this work for L-[1-14C]valine are smaller than those reported in preliminary data for leucine (Smith et al., 1984) . The ratio between Kj for leucine (Smith et al., 1984) and Kj for valine is approximately equal to the ratio of the brain up take indices measured for these two amino acids by a different method (Pardridge and Oldendorf, 1975) . The rate of influx of valine obtained in this work compares favorably (Kj = 0.044) with that ob tained by a different method (Bodsch and Gjedde, 1987) .
The distribution volume for L-[J-l4C]valine (Table  2 )-the ratio of the tracer in plasma and different brain tissue, calculated as Kj/ (k� + kj + k:)-is about twice as large in the gray matter as in the white matter. The volume of distribution for valine (Table 2) is lower than the water volume of the brain into which it distributes. This suggests that the concentration of the free valine in the brain water is lower than that found in the plasma water. This is supported by results reported by Merlin et al. (1982) . The lower volume of distribution indi cates that the permeability from brain to blood is higher than that from blood to brain.
The rate of incorporation of valine into 14 gray and two white matter brain structures of adult rat is given in Ta ble 3. The rate of synthesis reported in Ta ble 3 was calculated 30 min after bolus injection. Thirty minutes was chosen as the kill time on the basis of the half-life of the precursor pool (it is about six half-lives of the precursor pool reaching 98.4% equilibration). This was also confirmed from comparing the rate of valine incorporation in rats killed at 30 and 90 min (Kirikae, Diksic, Yama moto, unpublished data) after bolus injection using transfer coefficients reported here. We found no significant difference in the two groups of animals in the rate of valine incorporation into proteins. The rate of valine incorporation calculated by the kinetic model in rats killed at 30 min was compared with those measured in the brain slices washed in 10% TCA where only protein-bound radioactivity remained after washing. Again, the comparison of the rate of valine incorporation into proteins (washed versus nonwashed) showed no significant difference (Kirikae, Diksic, Yamamoto, unpub lished data) . It seems that 30 min is sufficient to obtain quantitative information on the rate of pro tein synthesis in an adult rat brain. The data of Dwyer et al. (1982) also suggest that 30 min should be a sufficiently long time. However, it might be safer to wait 45-60 min when the model is applied to certain pathological conditions. The 30-min kill time was also confirmed by comparing amounts of 14C valine found in proteins and free valine present at 30, 60, and 90 min in the brain tissue (Mitsuka, Diksic, Yamamoto, unpublished data). Calculations done using the transfer coefficients given in Ta ble 2 predicted the presence of about 30%, 10%, and 5%, at 30, 60, and 90 min after injection, respectively, of The rate of valine incorporation into proteins is three to four times greater in gray than in white matter. The rates measured in the gray matter vary between 0.75 ± 0. 49 nmollg/min in anterior hippo campus to 1.94 ± 0. 47 nmol/g/min in inferior col liculus. These results can be compared with those measurements obtained by different methods in the brain of an adult rat reported by Seta et ai. (1973) , who reported an average rate of 0. 55%/h-equiva lent to 3. 1 nmollg-brain/min using 343 nmol val/mg protein (Dunlop et aI. , 1975) and 100 mg of protein/ g-brain (Pardridge and Oldendorf, 1977) -and those of Dunlop et ai. (1975) who reported 3. 3 nmollg/min. The rate of valine incorporation into protein measured in different structures of adult rat (Table 3) is about half that reported by Smith et ai. (1984) for incorporation of L-Ieucine. A similar dif ference in the rate of incorporation of valine and leucine was reported earlier by Seta et ai. (1973) . This difference in the rate of incorporation for these two AA results from the difference in the amounts of leucine and valine found in the brain proteins (Tristram and Smith, 1963) . There is about twice as much leucine as valine (Tristram and Smith, 1963) .
The ratio between the rates of incorporation into cortical gray matter and caudate-putamen is about 2. This ratio agrees well with the ratio found in the 4-day-old rats (Dwyer et aI. , 1982) . A higher rate found in the striatum layer and hippocampus again agrees with the trend observed in the 4-day-old rats (Dwyer et aI., 1982) . Even though the ratios be tween the protein synthesis in different structures are about the same in adult and 4-day-old rat brain, the absolute amounts in the 4-day-old rat brain are two to five times higher (Dwyer et aI. , 1982) . This limited comparison suggests that the rate of protein synthesis decreases with age by the same factor in all structures.
We assumed that there is no substantial dilution of the valine precursor pool for the protein syn thesis with the valine released from the degradation of protein. For all valine incorporated into proteins, an equivalent amount of valine is released from proteins. Consequently, between 0. 7 and 1. 9 nmol of valine is released per gram of brain per minute. This amount is about 2. 7 x 10-2 times lower than the concentration of free valine in the brain (Ag rawal et aI. , 1966) . If this assumption holds, the specific activity of tRNA-bound valine will approx imate that of extracellular valine (Khairallah and Mortimore, 1976) and the latter will approximate plasma-specific activity. The fact that the valine has J Cereb Blood Flow Metab, Vol. 8, No.4, /988 a higher plasma concentration (Bodsch and Gjedde, 1987) and that the contribution of released leucine -the rate is about two to three times higher (Smith et aI., 1984) than for valine-is about 10% of the tissue free leucine (Agrawal et aI., 1966) might sug gest that results obtained with the valine kinetic model are more reliable. There is less chance that an assumption of the model is violated.
The results described here for L-valine provide the basic data to measure the rate of L-valine incor poration into protein in different brain structures in awake laboratory animals. The method could allow measurement of this very important physiological parameter in different pathological conditions as al ready shown by Smith et ai. (1980 Smith et ai. ( , 1984 for L-Ieu cine. We have already extended this method to measure the protein synthesis in the brain tumor model using double-tracer autoradiography (Kir ikae et aI. , 1987) . The data reported here and those described by Kirikae et al. (1987) suggest that in deed this method can provide regional quantitative information on the rate of valine incorporation into brain proteins, a valuable metabolic parameter in brain tumor studies especially when the influence of therapy is evaluated (Kirikae et aI. , 1987) .
